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N-type ZnTe layers with high electron concentration are grown by molecular-beam epitaxy using
aluminum as the donor species. The ZnTe:Al layers show a high structural quality with a narrow
x-ray diffraction linewidth~24 arcsec! and a high carrier concentration up ton5431018 cm23 with
low resistivity ~r50.017 V cm!. The dependence of the electron mobility on the carrier
concentration suggests that the dominant scattering mechanisms in the ZnTe:Al layers are ionized
impurity scattering and polar optical phonon scattering. The photoluminescence spectrum of
moderately doped ZnTe layers shows strong Al–donor-related bound exciton lines:I 2 ~2.378 eV!
and donor–acceptor pair emission~zero phonon energy52.324 eV! with a weak deep-level emission
~2.19 eV!. Highly Al-doped layers show an increase in the deep-level emission intensity and a
decrease in carrier mobility, which are interpreted in terms of the increase in the carrier





















































rep-ZnTe is a wide-gap II–VI compound semiconductor th
possesses an immense potential for advanced optoelect
device applications such as light-emitting devices1,2 and THz
detectors.3 Although the importance of ZnTe-based materi
for these applications has been recognized, the difficulty
preparingn-type materials with good conductivity has ham
pered progress. There have been several reports on the
taxial growth ofn-type ZnTe layers.4,5 N-type ZnTe:Cl layers
grown on GaAs substrates by molecular-beam epit
~MBE! showed an electron concentration of 331016 cm23,4
while the electron concentration in-type ZnTe:Al layers
grown on ZnTe substrates by metal–organic chemical-va
deposition~MOCVD! was reported to be 431017 cm23.5 In
terms of device application, however, a much higher elect
concentration would be demanded.
Since both electrical and optical properties of a semic
ductor change greatly by the incorporation of impurities,
selection of impurity has critical importance. Impurity atom
incorporated in a host crystal not only contribute to cond
tivity by adding additional carriers but also give rise to la
tice strain. In order to reduce the lattice strain caused by
incorporation of impurities, the difference in covalent ra
should be minimized@Zn:1.31 Å, Te: 1.32 Å, Al: 1.26 Å, Cl:
0.99 Å ~Ref. 6!#. From this point of view, Al is an idea
n-type impurity atom for ZnTe. Moreover, recent optic
studies suggest that Al impurity forms a shallow donor le
of 18.5 meV,7 which implies Al could be an effectiven-type
dopant for ZnTe.
The purpose of this letter is to show that Al does work
a goodn-type impurity and that Al-doped homoepitaxy ZnT
layers with good structural and optical properties can
grown by MBE.
ZnTe:Al layers were grown onp-ZnTe~001! substrates
by solid-source MBE. The growth conditions of ZnTe:Al la
ers were determined based on homoepitaxy conditions.8 The
growth rate and growth temperature were fixed at 0.4mm/h
and 300 °C, respectively, and the VI/II ratio was controll
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to ;2, i.e., Te-rich condition. 6N-purity aluminum was use
as the dopant source and evaporated using a Knudsen
The Al-cell temperature was varied from 700 to 860 °C. D
ing growth, the surface remained atomically smooth and
evidence of surface degradation was not observed. The th
ness of the doped film was controlled to 1mm.
The carrier concentration was measured at room te
perature by Hall-effect measurements in the van der Pa
configuration using In as an Ohmic contact electrode.
Figure 1 shows~004! v–2u x-ray diffraction ~XRD!
scans of the undoped and doped ZnTe:Al layers. Interfere
fringes are observed from the doped layers. The ZnTe
(TAl : 800 °C! layer shows a new diffraction peak at a low
diffraction angle, indicating lattice contraction due to subs
tutional incorporation of Al into the Zn site. The full width a
half maximum~FWHM! of the ZnTe:Al peak is as narrow a
24 arcsec, which indicates the high structural quality of
Al-doped ZnTe layers. However, the FWHM values of t
highly doped layers increase, indicative of degradation of
crystallinity.
A thin ~;5 nm! n-ZnSe:Al layer was deposited onto a
Al-doped ZnTe layer to improve the Ohmic properties. T
typical resistivity of the ZnTe:Al layer was lower than 0.
V cm. Figure 2~a! shows the variation of electron concentr
tion and mobility as a function of Al-cell temperature. Th
ZnTe:Al (TAl : 800 °C! layer showsn58310
17 cm23 with
a mobility of 289 cm2/V s. The highest carrier concentratio
is obtained from a sample grown atTAl : 860 °C. The carrier
concentration increases up ton5431018 cm23 with a very
low resistivity of 0.017V cm, while the mobility decrease
to 45 cm2/V s due to enhancement in compensation. It sho
be noted that the ZnTe:Al layers, grown on GaAs substra
under almost the same growth conditions as the homo
taxial layers, show very high resistivity, presumably due
the poor crystal quality.
TheJ~Al ! curve shows the variation of Al vapor pressu
along with the Al-cell temperature. Note that the deviation
carrier concentration from theJ~Al ! curve becomes increase
as the Al-cell temperature increases. The increased disc© 2001 American Institute of Physics












































786 Appl. Phys. Lett., Vol. 79, No. 6, 6 August 2001 Chang et al.ancy of the carrier concentration in the ZnTe:Al layers fro
the J~Al ! curve suggests enhanced carrier compensatio
the layers, which is consistent with the following discussio
Figure 2~b! compared the variation of electron mobilit
as a function of electron concentration with theoretical c
culation. Four scattering mechanisms are taken into con
eration for the calculation of mobility. The resultant mobili
is calculated for two compensation ratios: one is 0% co
pensation and the other is 90% compensation. The exp
mental results show a qualitative agreement with the theo
ical calculation. At the lower electron concentration regim
(,1018 cm23), the electron mobility is mainly limited by
polar optical phonon scattering. The ionized impurity scat
ing becomes dominant at the high electron concentration
gime (.1018 cm23). However, we note that the discrepan
between the theoretical curve for 0% compensation and
measured value increases as the carrier concentration
creases, while the theoretical mobility for the heavily co
pensated case agrees fairly well with the experimental o
in the highly Al doped regime. These behaviors suggest
increase in the compensation ratio with increasing Al c
centration.
The reported data for the electron concentration
n-type ZnTe layers are also plotted in Fig. 2~b!. ZnTe:Al
layers grown on ZnTe substrates by MOCVD showed
maximum electron concentration of 431017 cm23 with a
mobility of 150 cm2/V s.5 The difference in mobility for the
MBE and MOCVD layers can be understood in terms of
different compensation ratio in those layers. We note that
reported growth temperatures of the MOCVD ZnTe lay
were higher~380–420 °C! ~Ref. 5! than that of the MBE
grown ZnTe layers~300 °C! in the present case. It is likely
that the higher growth temperatures give rise to higher c
rier compensation in the MOCVD grown Al-doped ZnTe la
FIG. 1. High-resolution x-ray diffraction curves of~a! undoped,~b! ZnTe:Al
(TAl : 700 °C!, and ~c! ZnTe:Al (TAl : 800 °C! samples. The thickness o
these samples is controlled to 1mm by reflection high-energy electron dif
fraction intensity oscillation and well agrees with the thickness estima
from the separation of fringes in the XRD. The ZnTe:Al peak shows
FWHM of 24 arcsec, indicating the high-crystal quality of the Al-dop





















ers, which results in the lower electron mobility.
Figure 3~a! shows the low-temperature PL spectra of~A!
undoped,~B! ZnTe:Al (TAl : 700 °C!, and~C! ZnTe:Al (TAl :
800 °C! layers. The undoped layer exhibits dominant ex
tonic emissions with negligible deep-level emission, indic
ing the high quality of the homoepitaxy ZnTe layer. The P
spectrum of the ZnTe:Al (n5831016 cm23) layer shows a
free-exciton emission; two dominant bound exciton pea
denoted byI 2 ~2.378 eV! andI 1
C ~2.368 eV!; donor–acceptor
~DA! emission~the zero phonon line is centered at 2.324
along with the phonon replicas!; and deep-level emission
centered at 2.19 eV.
Figure 3~b! shows the intensities of luminescence pea
I 2 ,I 1
C , DA emission, and the deep level as a function
Al-cell temperature. In the low Al-cell temperature regio
d
FIG. 2. ~a! Variation of carrier concentration and mobility as a function
Al-cell temperature.J~Al ! indicates the Al flux at the cell temperature.~b!
Variation of electron mobility~m! as a function of carrier concentration
Three lattice scattering mechanisms~piezoelectric scattering:mp deforma-
tion potential scattering:mDP, and polar phonon scattering:mPO), and ion-
ized impurity scattering (m ii ) are taken into account. In the figure, filled do
denote the experimental data in this study and open squares show the





































787Appl. Phys. Lett., Vol. 79, No. 6, 6 August 2001 Chang et al.(TAl,725 °C!, the bound exciton emissions ofI 2 and I 1
C
dominate the PL spectrum. The luminescence intensitie
I 2 andI 1
C increase as the Al-cell temperature increases, in
cating that bothI 2 and I 1
C are associated with aluminum
However, in the high Al-cell temperature regime, the DA a
deep-level emissions show a fast increase, while bothI 2 and
I 1
C decrease.
The deep-level emission can be attributed to comp
defects such asVZn– AlZn ~Refs. 9 and 10! or a luminescence
pair between the Al–donor (DAl) and acceptor-type defec
complex (VAn– AlZn).
10 Based on previous reports,11 we sug-
FIG. 3. ~a! Low-temperature PL spectra of~A! undoped,~B! ZnTe:Al (TAl :
700 °C!, and~C! ZnTe:Al (TAl : 800 °C! samples.~b! Variation of photolu-
minescence intensity ofI 2 ,I 1
C , DA, and deep-level emissions as a functio
of Al-cell temperature.Downloaded 15 Feb 2010 to 130.34.135.83. Redistribution subject to AIPof
i-
x
gest thatDAl – (VZn– AlZn) is responsible for the deep-leve
emission. The emergence of the deep-level emission imp
enhanced carrier compensation in highly Al doped ZnTe l
ers. These features well correspond to the observed decr
in electron mobility and are consistent with the increas
discrepancy betweenJ~Al ! and the measured concentratio
in the high electron concentration regime.
The I 2 line can be assigned to the bound exciton line
the neutral Al donor.7,11–13Also, I 1
C can be assigned to th
acceptor bound exciton according to a previous report.14 The
impurity levels of these lines are estimated as;20 meV for
I 2 and;110 meV forI 1
C by the Haynes rule.15 Also, the peak
position of the DA emission can be interpreted by the imp





where Eg ~ZnTe!52.39 eV, ED;18.5 meV,
7 and EA562
meV ~Ref. 13! are taken andq2/«r is calculated with assum
ing r 5(1/2pN)1/3 ~Ref. 16! to ;16 meV~N5ionized carrier
concentration!, then the peak position of the donor–accep
pair emission is calculated as 2.324 eV, which well agr
with the measured value of DA emission~2.324 eV!.
In conclusion, we have grown-type ZnTe layers with
high electron concentration by MBE using Al as a dopa
species. The structural, electrical, and optical properties
the Al-doped ZnTe layers indicate that Al is incorporated a
shallow donor impurity. The highest carrier concentration
as high asn5431018 cm23 with a low resistivity of 0.017
V cm. The carrier transport mechanism is analyzed in te
of ionized impurity scattering and polar optical phonon sc
tering. The photoluminescence spectrum of the modera
doped sample consists of an Al–donor-related bound exc
line I 2, donor–acceptor pair line with phonon replicas a
deep-level emission. The carrier compensation increase
the highly doped layers, which are characterized by the
crease of the deep-level emission intensity and the decr
of carrier mobility.
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